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Abstract 
The condition of complex capital goods deteriorates during their operation. In light of scarce resources and the high residual value of used 
goods at the end of a life cycle, the primary goal is to restore or “regenerate” as many parts of the goods as possible so that their functional 
characteristics can be maintained or even improved. The characteristics of this regeneration—e.g., different repair paths or a high variance 
concerning the functionality of goods—create difficult challenges when planning regeneration processes. Due to the characteristics, planning 
approaches known for the remanufacturing of often low-value goods are not applicable for the regeneration. In this article we present the 
primary problems of the corresponding planning tasks and solution-targeted approaches to solve these problems. More precisely, we develop an 
embracing capacity and load-adjustment method for these regeneration processes, considering different planning horizons. In addition, we 
present a framework that demonstrates how to identify the most profitable regeneration requests. Furthermore, we concentrate on the selection 
of different regeneration modes that can be applied to regenerate capital goods. Finally, we address design options for capacity and load 
adjustment in the regeneration processes and the pool management. All planning and control approaches together represent a holistic planning 
approach for regeneration processes. 
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1. Introduction 
Complex capital goods—e.g., aircraft engines—are 
characterized by a large number of different parts. Many of 
these parts have interdependencies, leading to capital goods 
with high functional complexity [1]. Planning regeneration 
processes requires regeneration-specific methods that can 
guarantee customer satisfaction and high logistic performance 
capabilities.  
The regeneration-planning process faces challenges that 
differ from those of a conventional production process. One 
major difference lies in the determination of each order’s 
workload. Subject to specific operations, the condition of 
capital goods varies from customer to customer. Therefore, a 
regeneration order’s workload is not known with certainty 
until an appraisal occurs at the regeneration-service provider’s 
site. However, the first planning steps of the regeneration 
process must be performed in advance, while the object is still 
in operation. This fact complicates regeneration planning and 
presents a risk concerning the on-time finishing of 
regeneration orders [2]. In addition, the regeneration planning 
even differs from known remanufacturing planning 
approaches, where the re-use of low-value goods is 
investigated. For the different capital goods units there are 
different ways to determine a reasonable regeneration 
approach depending on the specific condition of the goods 
unit and the customers’ specific business model. For this 
reason, the requirements of regeneration planning and the 
selection of a single, most-efficient mode differ according to 
the customer’s business model. 
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Hence, specific approaches for a regeneration management 
are required in order to guarantee an efficient planning process 
and in order to cope with the regeneration specific 
characteristics. First, it is necessary to choose a method that 
ensures a reliable capacity planning. Second, based on 
capacity planning and the resulting information regarding used 
and unused capacities, a decision to accept or deny further 
regeneration orders must be made. If an order is accepted, 
more specific scheduling must be undertaken, and the most 
efficient regeneration mode should be determined. To further 
improve regeneration-planning processes, load adjustments 
and pool-management strategies should be considered.  
When planning capacities and regeneration modes and 
when deciding whether to accept further orders, customers’ 
preferences concerning regeneration modes must be 
considered.  
2. State of the art 
As described above, the regeneration of complex capital 
goods differs in many aspects from planning conventional 
production processes. One important point relates to focus on 
delivery dates [3]. Because the customer needs a serviceable 
unit of capital goods for his site operations, a loss of profit is 
associated with the absence of the unit of regeneration goods 
during the regeneration process. Usually, potential additional 
losses due to a more lengthy regeneration are—as stipulated 
by contract—passed down to the regeneration-service 
provider. Therefore, it is very important to set time windows 
between the arrival and delivery of the capital goods. In 
addition to this aspect, when planning regeneration processes, 
it is important to consider the uncertainty of the condition of 
the goods, the orders’ workloads and the different 
regeneration modes. 
Another important point is the existence of different 
customers’ business models. If, for example, a full service 
network carrier operates his aircrafts (including aircraft 
engines) on the long haul (e.g., intercontinental flights) under 
demanding environmental conditions, there will be different 
damages and therefore different regeneration requirements 
compared to a low-cost carrier operating on short-haul 
national flights. Depending on the ownership of an engine 
(bought or leased), special repair processes and regeneration 
modes are allowed or forbidden for some customers. In this 
way, the customer business models affect the technical 
implementation of the regeneration. In addition, the 
customers’ willingness to pay is directly related to the 
business model. For example, some customers are willing to 
pay a higher price for lower emissions in the later use of the 
engine to support a green image of the airline, while this 
aspect is of no importance for other customers within the 
limits of the laws and provisions. 
Due to these special requirements, established methods of 
production planning and control are not applicable in this 
context. Instead, it is necessary to use specific models and 
algorithms to address these tasks.  
Currently, most regeneration-service providers use 
customized software tools to support regeneration 
management. In most cases, these tools are self-developed 
software applications based on Microsoft Excel and/or Access 
[3]. This suggests that there is currently no practical relevant, 
rule based and thus, transparent method or software 
application that is suitable for planning or controlling the 
regeneration of complex capital goods [3]. 
3. Capacity planning 
To increase the logistic performance of regeneration 
processes, a methodology for efficient capacity planning and 
control in the presence of uncertain workload information has 
been developed [4]. This approach uses information about 
past regeneration tasks and processes them using data mining 
techniques. The newly gained information is used as input 
data for mathematical models offering decision support to 
improve capacity planning and control. 
Data mining is used to generate estimations of the 
workloads caused by regeneration tasks that are essentially 
unknown beforehand. These estimations form the basis not 
only for capacity planning but also for other planning 
processes. Existing information about a specifically used unit 
of regeneration goods at a certain point of time is combined 
with knowledge about past regeneration tasks of similar 
complex capital goods with comparable usage profiles. This 
information fusion enables the identification of existing but 
unknown damage to the regeneration-goods unit subject to a 
set of distinct data in its usage profile. Such datasets usually 
contain information about the region of deployment, operation 
time and operational features of the capital goods. 
 
Fig. 1 Example of a Bayesian network 
The selected data mining technique for information fusion 
is the “Bayesian network”. A Bayesian network is a graph-
based method that—despite uncertainties—reaches 
conclusions by means of conditional probabilities [5]. The 
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input parameters for this calculation are the datasets 
mentioned above. An example of a Bayesian network and its 
functionality is shown in Fig. 1 and is represented as a 
directed, acyclic, graphical model consisting of nodes and 
edges [5]. The nodes (e.g., information about time since the 
last regeneration or regeneration workload) represent random 
variables or events. Each variable is assigned to a finite set of 
actually mutually exclusive states (e.g., contractual 
specifications: type A, B, C, D, or other). The edges between 
the two nodes represent the direct dependency of one node 
(child: here, regeneration workload) on the other (parent: 
here, e.g., deployment region). Bayesian networks use 
conditional probabilities to calculate an estimation value. The 
conditional probabilities of the intrinsic states of the child 
nodes are computed and stored for each combination of the 
states of the parent nodes [5]. One advantage of Bayesian 
networks is their ability to generate estimations on different 
levels of differentiation and detail. Because capacity planning 
is carried out periodically and on different time horizons and 
thus, is carried out at different levels of detail, this feature can 
be ably realized. The suitability of Bayesian networks in the 
field of regenerating complex capital goods has been 
examined during an exemplary application in cooperation 
with an industrial partner. This methodology has been 
validated with very promising results (i.e., a forecast that is up 
to 91.7% more accurate than that of the industrial partner) [4].  
Subsequently, mathematical models have been developed 
using mixed-integer linear programming that draw from an 
estimated workload information to optimize the required 
personnel and machine capacities, managing and adjusting 
them in an optimal manner over the course of different 
planning horizons. In addition to the estimated workloads, 
several other parameters, such as data regarding the costs or 
forecasts of available capacities, have been integrated into the 
models to represent the planning situation in the regenerate-
to-order environment as accurately as possible. The 
performance of these models has been studied during another 
prototypical application, again producing very positive 
validation results (including an optimization potential for the 
company at approximately 10%) [4].  
4. Order-acceptance control based on bid-prices 
The results of capacity planning determine the availability 
of regeneration resources, including capacity and inventory 
levels. With these resources at hand, regeneration can be 
achieved.  
In the short term, regeneration-service providers must 
decide how to proceed with available capacity that has not 
already been assigned to accepted and scheduled regeneration 
orders. The remaining capacities are offered to customers that 
have short-term orders. These customers request regeneration 
services for complete capital goods, single assemblies or 
parts. Typically, such requests are high priority and are related 
to high contribution margins. Because regeneration resources 
are scarce in the short run, service providers cannot accept all 
orders and therefore, must decide whether to accept or reject 
incoming short-term requests. Order-acceptance control has 
the responsibility to support the order-selection decision. 
Based on its forecasts of incoming requests, acceptance 
control enables service providers to select the most profitable 
requests. Consequently, the displacement of profitable orders 
by future, less profitable orders can be avoided.  
The arriving requests are characterized by the complex 
capital-goods unit and the fixed time frame in which the 
regeneration must be carried out, as defined by the arrival date 
at the service-provider’s site and the delivery date of the 
regenerated capital-goods unit. In addition, customers define 
which regeneration modes are allowed. For example, 
customers may require that only repairs developed by original 
equipment manufacturers (OEM) are allowed or that only 
used parts should replace other parts. These regeneration 
modes can be distinguished by their associated duration, cost, 
capacity consumption and impact on the functional features of 
the goods—e.g., fuel efficiency or thrust.  
The condition of a specific unit of capital goods that is to 
be regenerated is not known with certainty in advance when a 
request arrives. However, the acceptance decision requires 
information about capacity and inventory requirements as an 
input parameter. Therefore, the Bayesian networks are utilized 
to produce accurate and reliable forecasts for the capacity and 
inventory requirements. As a result, it is possible to apply a 
bid-price-based capacity control.  
Bid-price-based concepts generate a threshold price that 
must be achieved by a specific order before it can be 
accepted. The threshold price represents the opportunity costs 
associated with a specific regeneration request. Opportunity 
costs can be interpreted as costs that arise due to the loss of 
potential benefit from another request when a particular 
request is chosen. Bid prices are resource-specific; i.e., using 
one unit of a specific resource leads to a cost equivalent to the 
bid price of that resource. In addition to the well-established 
bid prices for regeneration capacities, we consider bid prices 
for inventory parts. Because inventory parts are of limited 
availability and replacement parts may have long procurement 
times, these parts must be taken into account as a potential 
bottleneck when deciding whether to accept a regeneration 
request.  
 
Fig. 2 Calculation of order-specific opportunity costs 
Bid prices are calculated by solving linear programs. 
Capacity constraints deliver capacity-oriented bid prices, 
whereas inventory constraints provide inventory-oriented bid 
prices. By appraising request-specific capacity and inventory-
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part consumption alongside their respective bid prices, 
opportunity costs can be approximated. This calculation 
scheme is illustrated in Fig. 2.  
If there is sufficient capacity available and the contribution 
margin of a specific request equals or exceeds its opportunity 
costs, the request should be accepted.  
In detail, the process of the order-acceptance decision is 
shown in Fig. 3 and can be explained as follows: The order-
acceptance process is triggered by an incoming request. After 
predicting the condition of the specific regeneration object by 
the Bayesian networks, the applicable regeneration modes are 
determined from a technological point of view. Using the 
Bayesian networks, the mode-specific part and capacity 
consumptions are also specified. If there is no valid mode, the 
request is rejected immediately. Otherwise, the modes are 
evaluated with respect to their capacity- and inventory-
oriented sufficiency. If there is not enough capacity or 
inventory available, the request should be declined. 
Otherwise, the bid-price scheme—as explained previously—
is applied. For each regeneration mode, the associated 
opportunity costs are determined as follows. If the request’s 
contribution margin exceeds the opportunity costs associated 
with the mode, then that particular mode is saved as an 
applicable mode. If there are several modes applicable, then 
the mode with the greatest difference between its contribution 
margin and opportunity costs should be selected [6,7]. Next, 
the request with the chosen mode is saved in the pool of the 
accepted orders. The capacities and inventories are updated, 
and the customer is informed of the acceptance of his request.  
 
Fig 3. Flowchart of the order-acceptance process 
5. Selection of an efficient regeneration mode 
The decision whether to accept or to decline a request is 
based on forecasts from data mining with Bayesian networks. 
This information is a sufficient estimator for revenue 
management. However, the information is too fuzzy to be 
used for a detailed scheduling of the particular steps of the 
regeneration process. Therefore, a more detailed schedule for 
each shift is provided after the capital-goods unit is appraised 
at the regeneration-service provider’s site. Although a 
regeneration mode has already been assigned in the order-
acceptance step, at this disaggregated level, different modes 
are again available—e.g., for the parts. In addition, it is 
possible that—based on the appraisal of the goods unit—a 
new mode must be assigned. 
When scheduling the regeneration event of one capital-
goods unit, in addition to the specific condition of a goods 
unit, the customer’s business model is considered to assure 
customer-oriented service. One customer may, for example, 
prefer only original and unused parts to assure a high resale 
value whereas another customer may only prefer the use of 
regenerated parts for the regeneration of his products to 
reduce the costs. As a result, each regeneration process has 
unique attributes. This is the reason why each regeneration 
event has the character of a project. Each project is one of 
high technical complexity. 
In contrast to the established project scheduling models, the 
project structure in this setting is not known in advance [8]. 
The different regeneration modes are the reason why 
alternative activities are available. The decision for one mode 
may have far-ranging consequences. A higher level of 
disassembly may, e.g., cause the implementation of further 
activities, even triggering further decisions. In addition, the 
decision to replace one part may force the replacement of 
additional parts.  
 
Fig. 4 Example for a simple flexible project 
On a more abstract level, the requirements of a project’s 
structure can be described as follows. Some activities are 
mandatory, as known from the classical resource constrained 
project scheduling problem (RCPSP). In addition to these 
activities, choices must be made among activities with 
optional characters. In the simple example of a flexible 
project shown in Fig. 4, there is a choice between the 
implementation of activities (Act.) 4 or 5. These choices may 
precipitate the implementation of other, also optional, 
activities, such as activity 6, which is caused by the selection 
of activity 5 in Fig. 4; they may even trigger further choices. 
Decisions about implementing optional activities influence 
the imposed precedence constraints between certain activities. 
This indicates that even for a specific customer and a specific 
goods unit, not all activities and precedence relations that 
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must be implemented in the regeneration project are known in 
advance. Thus, a flexible project structure in which alternative 
activities reflect alternative ways of regenerating capital 
goods is demonstrated. 
The decision about one project structure influences the 
costs of realizing the project and determines the qualitative 
characteristics of the regenerated goods. Those qualitative 
characteristics are described by so-called quality levels—e.g., 
“excellent”, “very good” and “good”. Therefore, one quality 
level is achieved if increases in quality due to the 
implemented activities exceed the minimal requirements for 
the respective level, as defined by the customer. For a more 
detailed representation of quality, these requirements can be 
defined for different attributes—e.g., fuel efficiency and 
emissions in future operations [9]. 
In addition to making a decision on a project structure, 
planning a project with a flexible project structure includes 
determining the starting and ending times of the activities 
implemented in the chosen project structure. Timing depends 
not only on the project structure but also on the available 
resources. Thus, the scheduling may show that a project 
structure results in a high project makespan due to resource 
conflicts. Accordingly, scheduling influences the decision 
about which project structure is optimal for the corresponding 
customer. This relationship shows that the timing of the 
implemented activities and the decision about the project 
structure depend on one another and cannot reasonably be 
separated. Instead, the optimization of the project structure 
and the schedule should be performed simultaneously. 
This optimization should consider the makespan, the 
qualitative characteristics and the costs. In many cases, these 
aspects compete, but they can be represented by profit 
maximization. Thereby, the customer’s willingness to pay and 
the resulting revenues increase with the project’s higher 
quality level and decreasing duration. However, the exact 
weighting of these different aims depends on the customer’s 
business model. 
The described resource constrained project scheduling 
problem with the model-endogenous decision on the flexible 
project structure, considering the qualitative characteristics, is 
modeled as a mixed-integer linear program and solved by a 
genetic algorithm [10,11]. The solution quality of this 
algorithm is very high, with an average deviation from the 
optimal value of less than 1% and a solution time of only one 
second for test instances with 30 activities. 
6. Evaluation of the design options of the regeneration 
process 
Based on the generated schedules and chosen modes, a 
baseline for controlling order dispatch at different resources is 
given. However, particularly given the uncertainty of the 
duration of the single process steps, there is still variability in 
the process that leads to changes in actual execution compared 
with the original planned schedule. It is still necessary to 
determine the sequence of schedulable activities on single 
machines and to determine a reasonable pool-management 
strategy. Thus, the goal is to increase the logistic performance 
capability of the regeneration process. To guarantee a capacity 
synchronization that meets the preferred logistic target values 
of the regeneration-service provider, different design options 
must be evaluated with respect to their logistic performance 
capability. This evaluation is especially relevant for short-
term adjustments because the outcomes directly influence 
customer satisfaction related to on-time delivery. When 
evaluating logistic performance capability, two key figures 
should be considered: logistic performance and logistic costs 
[12]. An exemplary evaluation of two configurations of 
design options based on logistic target values representing 
logistic performance and logistic costs is illustrated in Fig. 5. 
 
Fig. 5 Evaluation of different configurations of design options 
Because the orientation on makespan in a regeneration 
project and the deadline are so important to assuring a high 
level of customer satisfaction, we focus on delays of these 
processes. This focus is attained via a detailed evaluation of 
the reassembly of the different parts. Because all processes 
converge at the reassembly, the logistic performance 
capability of the entire regeneration process can be evaluated 
at this regeneration step. A high performance standard is 
achieved when every part of a regeneration order arrives at 
the reassembly station at the same, planned time [13]. In 
addition, it is important to consider the logistic costs. A work 
in process (WIP) or the number of missing parts at the 
reassembly station must be weighted with a monetary value to 
determine the logistic costs. Thus, we investigate the 
influence of different regeneration-specific design options for 
the short-term control of the regeneration processes related to 
this logistic performance capability. 
One design option is to sequence these activities to achieve 
synchronization between the inquired and available capacities. 
The sequencing rules directly affect WIP at working stations. 
In the case of regeneration processes, the sequencing rule 
determines the share of WIP that is required to wait at the 
reassembly due to missing parts, delaying the reassembly 
process [14]. 
Another design option concerns pool management. There 
are different strategies to decide how many parts should be 
used to refill the pool of parts and when this refilling should 
occur. Because used serviceable or new parts are available in 
a pool, the workload of a regeneration order can be affected. 
Therefore, pool management strategies must be considered 
when improving the regeneration process. 
Evaluating these design options and their combinations is 
necessary to support the regeneration-service provider to 
select efficient design options and to position a provider 
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within the tradeoff of a high logistic performance and low 
logistic costs.  
Furthermore, the evaluation of the different described 
design options leads to the generation of more detailed 
information, which can be used as supplemental inputs for 
different planning processes, including those order-acceptance 
processes calling for information about different customers’ 
pools. Therefore, this planning step represents a vital piece of 
holistic preparation for the regeneration process of complex 
capital goods. 
 
Fig. 6 Holistic planning process of complex capital goods’ regeneration 
7. Conclusion 
Fig. 6 summarizes the planning and control approaches 
discussed in this paper. Information about the contents and the 
line of action of each planning step is also illustrated. Thus, 
Fig. 6 provides an overview of the holistic planning process of 
a complex capital-goods unit, considering different 
itemizations of capacity planning, order-acceptance processes, 
the selection of efficient regeneration modes and the 
evaluation of possible capacity-synchronization design 
options. As the analysis of the different problem aspects and 
the interdependencies between them has shown, this 
combination of different solution approaches supports and 
guides regeneration-service providers to deal with the specific 
aspects of planning and control in the regeneration 
environment. However, not only the economic and logistical 
planning aspects are demanding. In addition, the 
correspondent technical challenges need to be investigated as 
well, so that it has not yet been possible to define realistic and 
plausible datasets to evaluate the holistic approach on the 
whole. Therefore, in a further step, the feasibility of the 
discussed holistic approach for different complex capital 
goods needs to be investigated. 
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Version 3 18%
Other 12%
Time since last regeneration
0.0 – 1.0 6%
1.0 – 2.0 25%
2.0 – 3.0 45%
3.0 – 4.0 15%
> 4.0 9%
Regeneration workload
0.00 – 0.75 22%
0.75 – 1.00 28%
1.00 – 1.25 36%
1.25 – 1.50 10%
> 1.50 4%
33%
47%
13%
5%
2%
0.8 ± 0.2  
Capacity 
planning
low inventory
high capacity 
utilization
low schedule 
deviation
configuration A
configuration B
short lead time
Evaluation of 
the design 
options • alternative methods
• flexible project structure
• functional features
Selection 
of an efficient 
regeneration mode
•contribution margin t
opportunity costs
•sufficient capacity
Order-
acceptance 
control based 
on bid-prices
Bid-price of 
resource     : 
[in €/hour]
0,7 
250
1,0
100
Regeneration 
capacity 2
Inventory 
part 1
hja
hS
Capacity requirement
for request     on
resource     :         
[in hours]   
j
h
Bid-price of
inventory part :
[in €/part]
e
eP
Requirement of 
inventory parts    for 
request    :                  
[in parts]      
e
Opportunity costs 
of request    :   
[in €]
jOCj0,7  250 1,0  100+ = 275 
ejalj
h
